Abstract: This research was conducted to investigate the performance of fresh and hardened concrete containing discarded foundry sands as a replacement of fine aggregate. A control concrete mix was proportioned to achieve a 28-day compressive strength of 38 MPa (5500 psi). Other concrete mixes were proportioned to replace 25% and 35% of regular concrete sand with clean/new foundry sand and used foundry sand by weight. Concrete performance was evaluated with respect to compressive strength, tensile strength and modulus of elasticity.
INTRODUCTION
During the 1970's and 1980's, federal and state environmental agencies began to pay increasing attention to industrial pollution, safety and waste management control. As a result, the foundry industry had to revaluate standard practices with regard to the disposal of their used sands. One of the main concerns for the foundry industry has been the need to reduce the disposal cost and minimize the maintenance costs of landfill sites. Typical current disposal costs in Wisconsin is about $10 to $20 per ton. During the next decade, the cost is expected to increase by 5 to 10 fold due to new laws. Also, old landfills are reaching capacity while new landfills will not be coming to market in sufficient numbers as desired by industries. Nationwide, this was mainly because of the passage of Public Law 94-580, the Federal Resource Conservation and Recovery Act of 1976, which is the nationwide program that regulates and manages by-product disposal (Naik, 1987) . Shrinking landfill space throughout the United States has caused landfill operators to refuse used foundry sand on the basis of high volume and "special waste" status.
The typical amounts of total by-product materials from foundries range between 227 to 2270 kg (500 to 5000 pounds) per ton of produced metal casting (Murarka, 1987) . The eastern and midwestern states are leaders in the number of foundries per state.
After extensive testing, American Foundrymens Society recommended (AFS report, 1991) that fine aggregate be replaced by 33% of the used foundry sand in a batch of normal weight concrete. Based on this report it was decided to replace 25 and 35% fine aggregates by used foundry sand to determine the effect of different levels of replacements.
This research was performed to achieve technical, ecological and economical benefits by utilizing the huge amounts of foundry by-products, produced every year, in Wisconsin and elsewhere.
SCOPE
The concentration on the work of the initial phase was on the feasibility of beneficial utilization of used foundry sand in concrete as a partial replacement of regular sand by studying properties of both fresh and hardened concrete.
An extensive literature search was undertaken and tests were conducted on by-product samples to determine their physical properties to evaluate the possible uses (Naik et al. 1991 (Naik et al. , 1992 .
A total of five concrete mixes, two containing 25% and 35% partial replacement of regular sand with used foundry sand, the other two containing 25% and 35% partial replacement of regular sand with clean/new foundry sand, and one control mix were investigated in the laboratory. These mixes were tested to determine axial compressive strength, splitting tensile strength, modulus of elasticity and bulk density.
MATERIAL SELECTION AND MIX PROPORTIONING

General
Concrete was produced at the Center for By-Products Utilization (CBU) laboratory using conventional mixing techniques. For economic reasons, locally available materials were used in the mixture. An optimum design was developed for the available materials on the basis of strength, cost, and performance.
Materials
Cement ASTM type I cement from one source was used in this research program.
Physical properties of the cement were determined in accordance with the appropriate ASTM tests, (ASTM, Vol. 04.01, 1990). The temperature and relative humidity in the laboratory were maintained at 21 ± 1.7 C (70 ± 3 F) and 45 ± 5%, respectively. These results are reported in Table 1 . The chemical compositioning of Type 1 Portland Cement was also determined. The results are reported in Table 2 .
Aggregates
The coarse and the fine aggregates used in this research program were obtained from a local ready mixed concrete company (Central Ready Mix, Inc.). The coarse aggregates were a mixture of crushed and rounded natural gravel with a 19 mm (3/4") maximum size. The fine aggregate was natural sand with a 6.4 mm (1/4") maximum size. ASTM Standard tests were conducted to determine the physical properties of the aggregates (ASTM, Vol. 04.02, 1990). Fineness modulus for sand was also determined by the ASTM C 136 method. These test results are presented in Table   3 .
Types of Foundry Waste
The raw materials used for making sand molds for metal castings are usually recycled. After a repeated use they lose their characteristics, thereby becoming unsuitable for further use in the manufacturing process. All these materials are then discarded as a waste. They are mainly molding sand and core sand.
Molding sand is the sand which is compacted and shaped according to a pattern that is going to be produced. The by-product materials that result from the molding sand are dust particles and cleaned sand from the casting, and excess system sand which is in the form of large lumps of fine sand.
Core sand is used to provide the desired cavities, which are produced during casting. By-product that results from core sand is called core butts and is removed during the shake out process (Heine et al. 1975 ).
The other by-products from foundry industry are slag, furnace or Cupola dust, molten metal, etc. Coremaking and molding sands usually produce 75% of the various by-products generated in foundries (Greer et al. 1987 ).
Both of these used sands contain a variety of binders depending on the specific application for which they were used. A binder is defined as a material that gives binding action to the sand mixture. The most common binder in molding sand is clay. A typical molding sand contains approximately 4% to 10% clay.
The binders used in core sand may be organic or inorganic. Organic binders generally used are oil, cereal proteins, and wood protein. These may be present any where from 0.5% to 4% in a core sand mixture, depending on the application. Sand 4 is a blend of 75% regular concrete sand with 25% used foundry sand from Falk Corporation. Sand 5 is a blend of 65% regular concrete sand with 35% used foundry sand from Falk Corporation. Sand 6 is a blend of 75% regular sand with 25% clean sand from Badger. Sand 7 is a blend of 65% regular concrete sand with 35% clean sand from Badger.
Mixture Proportioning
Five trial mixes were produced in the CBU laboratory. One of these five mixes was a control mix. Two mixes contained used foundry sand, and the other two contained clean/new foundry sand. These by-products were used as one on one replacement of regular sand by weight. A portland cement concrete was proportioned to have 28-day compressive strength of 38 MPa (5500 psi). In addition to the reference concrete (Control Mix), other concrete mixtures using discarded foundry sand with replacement of 25% to 35% of regular sand by weight were prepared.
The corresponding mixtures were designated as 20-F2 and 20-F3. Also concrete mixtures containing 25% and 35% replacement of regular concrete sand with clean/new foundry sand were prepared. These mixtures were designated as 20-F4 and 20-F5, respectively. The water-to-cement ratio was maintained at 0.48 for all mixes.
All mixes were non-air-entrained. Details of the mixture proportions and rheological properties of the five concrete mixes are given in Table 4 .
MANUFACTURE OF CONCRETE AND CASTING OF TEST SPECIMENS
All the five trial mixes were produced in the laboratory of the Center for By-Products Utilization at the University of Wisconsin-Milwaukee. An electric tilting drum type mixer having a 0.14 m 3 (5 cu. ft.) mixing capacity was used to mix the concrete. For each mix slump, unit weight, temperature of the fresh concrete, and the amount of air, were determined. 150 mm x 300 mm (6" x 12") cylinders were cast in accordance with ASTM C 192 for measuring the compressive strength of concrete, modulus of elasticity and splitting tensile strength at 3,7 and 28 days. All of the specimens were demolded after 24 hours and immersed in lime saturated water at 23 ± 1.7 C (73 ± 2 F) until the time of test. The cylinders were capped using a sulfur capping compound to ensure that the test surfaces were parallel and smooth.
TESTING PROGRAM
Three cylinders for all mixes were tested at each test age, to determine their uniaxial compressive strength in accordance with the ASTM C39. Splitting tensile strength tests were also carried out on three cylinders for each mix, at each test age in accordance with ASTM C496. Also three cylinders for each mix were tested at each test age in accordance with the ASTM C469, to determine the modulus of elasticity.
RESULTS AND DISCUSSIONS
The fresh concrete data (Table 4) Table 3 it is clear that the saturated surface dry condition absorption of the used foundry sand is considerably higher than the regular concrete sand. Bond between aggregate particles and the cement paste may have been weakened due to the presence of the binders in the sand. Probably this led to reduced strength for the concrete with used foundry sand.
Compressive Strength
The compressive strength data for all the five mixes is presented in Table   5 . The test data shows that all the five mixes averaged compressive strengths greater than 30 MPa (4400 psi) at the 28-day age. The compressive strength was found to increase with age for all of the mixtures as shown from the test data.
The compressive strength results show that the mixtures containing used foundry sands showed lower strengths at all test ages. The compressive strength of concrete containing 25% used foundry sand is 23% lower than control mix at 28-day age. Similarly concrete containing 35% used foundry sand has 30% lower value than that of control mix. However, the decrease in the compressive strength of 20-F2 and 20-F3 as compared to the design strength of 38 MPa (5500 psi) is 11% and 19%, respectively at 28 days. But concrete containing 25% and 35% replacements of regular concrete sand with clean/new foundry sand showed almost the same compressive strength as control mix at all ages. At 28 days testing 20-F4 and 20-F5 showed a compressive strength within 1% of the control mix. Hence the decrease in strength when used foundry sand is used in concrete is due to the presence of the binder in the used sand.
Splitting Tensile Strength
The splitting tensile strength for all mixes are shown in Table 6 . The test data showed an increase in the tensile strength with age.
Concrete mixtures containing 25% and 35% used foundry sand showed 20% to 40% reduction in tensile strength than that of control mix at the 28-day age.
However, the ratio of tensile to compressive strength was relatively constant at 10 to 11% of compressive strength, except Mix 20-F5 for which the ratio was seven percent.
Modulus of Elasticity
The static modulus of elasticity data is presented in the Table 7 . It is observed from the test results that modulus of elasticity increases with age.
From the table, the modulus of elasticity of the concrete containing 25% and 35% used foundry sand is lower than that of control mix at early ages. However at 28-day age the control mix and mix with 25% foundry sand shows approximately the same value of modulus of elasticity. However, the 28-day modulus of elasticity of concrete containing 25% and 35% of clean foundry sand is slightly greater than that of the control mix.
CONCLUSIONS
The compressive strength values for concrete with 25% and 35% regular sand replacements with used foundry sand are lower than the concrete with no replacement.
But concrete containing 25% and 35% replacement of fine aggregate with clean/new foundry sand showed compressive strength similar to that of the control mix.
Therefore, the reduction in the strength for the concrete with used foundry sand was probably due to the presence of binders. Compressive strength may be increased by using admixtures, and/or additives such as fly ash. In general, concrete containing used foundry sand up to 35% as a replacement of regular sand exhibited compressive strength in excess of 30 MPa.
Based on the results obtained, it can be concluded that structural grade concrete can be produced using discarded foundry sands as a partial replacement of regular concrete sand. Test data showed that the mix containing 25% discarded foundry sand showed about 10% higher compressive strength at 28 days as compared with 35% used foundry sand. The control mix compressive strength was, however, about 20 to 30% higher than the mixes containing discarded foundry sands.
The modulus of elasticity data shows that the modulus of elasticity at the 28-day age varies in the range of 2 to 4% from mix to mix.
The two mixes 20-F2 and 20-F3 gave comparatively lower values of entrapped air content. No marked difference was observed in the density of fresh and hardened concrete for all mixtures.
FUTURE RESEARCH
The research carried out so far is only the initial stage of this project.
Durability studies have not been done on concrete containing used foundry sand. Therefore, it is planned to study durability properties like alkali-silica reaction, freeze-thaw, chloride ion permeability, interaction with air-entraining agents, fatigue strength, etc., of concrete made with used foundry sand concrete. 
